Abstract
also with thylakoids, show that the Q niche of the mutant is significantly modified, at least 7-8 fold increased terbutryn B Ž . dissociation constant is shown 220 nM in the mutant versus 29 nM in the wild type ; the PS II sensitivity to bicarbonate-reversible formate inhibition is reduced by 5 fold in the mutant, although the formaterbicarbonate binding site still exists in the mutant. This suggests that D1-R269 must play some role in the binding niche of bicarbonate. On the basis of the above observations, we conclude that the D1-R269G mutation has not only altered the structure and function of PS II Ž . Q niche being abnormal , but may also have a decreased net excitation energy transfer from the PS II core to the reaction B center andror an increased number of inactivated reaction center II. We also discuss a possible scenario for these effects using a recently constructed three dimensional model of the PS II reaction center. q 1997 Elsevier Science B.V.
Introduction
Ž . Electron transfer in photosystem II PS II has been shown by numerous studies to be regulated by bicarbonate anions in higher plants, algae and Ž w x. cyanobacteria see reviews 2-5 . There are several studies which show a donor side effect of bicarbonate Ž w x. see e.g., Refs. 6-10 on PS II. Furthermore, depletion of bicarbonate causes a significant inhibition of the electron transfer on the acceptor side of PS II, w x Michel and Deisenhofer 11 suggested that bicarbonate may be a functional homologue to the amino acid residue E232 of the M subunit of the Rhodopseudomonas Õiridis reaction center, and may play an important role in liganding to the non-heme iron in PS II; bicarbonate may provide the fifth andror the sixth ligand to the non-heme iron. A close association of bicarbonate with the non-heme iron in PS II was already known from EPR spectroscopic w x studies 12,13 . Fourier transform infrared difference spectroscopy study using 13 C-labeled bicarbonate has confirmed that bicarbonate is a ligand of the non-heme w x iron in PS II like M-E232 14 . However, this suggested equivalence of E232 on the M subunit and bicarbonate has its limitations since site-directed mutagenesis of M-E232 to several amino acid residues Ž . R, V, A, Q, etc. in bacterial reaction centers did not y Ž y . w x modify the Q to Q or to Q electron flow 15 .
Since anionic bicarbonate may be the active species w x functioning in the PS II reaction center 16 , it is expected that the binding would be electrostatic in nature and therefore positively charged amino acid residues are likely to participate in bicarbonate binding. Further, bicarbonate has been suggested to aid in 2y w x protonation of Q 2,4,17,18 . Only a few positively B charged D1 and D2 residues are found near the putative non-heme iron based on homology studies Ž w x. see 4 . Some of these positively charged residues including D1-R139, D2-R233, D2-R251, D2-K264 and D2-R265 have been studied through site-directed mutagenesis in relation to the bicarbonate effect w x 3,5,19 . The resultant mutants show significantly varied degrees of bicarbonaterformate binding affinity compared with the wild type. However, D1-R139H displays wild type characteristics.
Sequence analyses of the D1 and D2 proteins indicate that D1-R269, D2-K264 and D2-R265 are the basic residues near the putative non-heme iron site. However, D2-K264 and D2-R265 are located roughly in between Q and the non-heme iron, A whereas D1-R269 is the only basic residue between the non-heme iron and the Q according to our recent B w x PS II model 20 . This residue is thought to be located on the stromal side of the putative transmembrane helix E and may be separated from D1-H272, one of the four putative non-heme iron ligands, by Ž approximately 3r4 of a helical turn according to a three dimensional model of the PS II reaction center w x. 20 . Thus, a hypothesis that a close interaction between the arginine and the iron-liganding bicarbonate may exist has emerged. This hypothesis is partially supported by the analogy found in the X-ray crystal structure of human lactoferrin which has a Ž . w x bi carbonate binding to an iron at the active site 21 .
Ž . In this protein, the bi carbonate is stabilized by hydrogen bonding interactions with an arginine and several other adjacent amino acid residues. X-ray crystal structure of hemoglobin and myoglobin with a ( )Ž . formate a bicarbonate analog bound to the heme iron also indicates the involvement of an arginine w x residue interacting with the formate 22 . Thus, it is possible that a similar binding motif may exist in the HCO y rFe site of the PS II reaction center. 3 To investigate whether D1-R269 is a bicarbonate liganding residue, we have constructed and partially characterized a site-directed mutant on this residue Ž . from a unicellular green alga Chlamydomonas C. reinhardtii, in which the arginine has been converted Ž .w x to a non-conservative glycine D1-R269G 1 . The mutant was found to be defective on the donor side of PS II even when the mutation was on the acceptor side. To understand the full implication of this mutation, we have focused here on the acceptor side of PS II. In this study, we have characterized the PS II electron transfer between Q and Q of the mutant A B
and their relation to bicarbonate-reversible formate inhibition; and the binding niche of a PS II herbicide Ž . terbutryn. We show that 1 the heterotrophically grown mutant has a significantly reduced rate of electron transfer from Q y to the plastoquinone pool; A Ž . 2 the binary oscillation pattern of variable Chl a fluorescence, after a series of single-turnover flashes, indicative of the functioning of the two-electron gate Ž . of the PS II acceptor side, is lost in the mutant; 3 the mutant has a significantly elevated true F level 0 suggesting either a decrease in the excitation energy transfer from the antenna to the PS II reaction center or an increase in the back energy transfer from the reaction center to antenna, the latter is possible if the Ž reaction centers are photochemically inactive see . Ž . Section 3 ; 4 thermoluminescence bands due to recombination of S with Q y and of S with Q y are 2 A 2 B
Ž . absent in the mutant; 5 77 K Chl a fluorescence Ž emission spectra has a slightly decreased ratio ;
. Ž . Ž 20-30% of F685 from CP43 and F695 from . Ž . Ž . CP47 to F715 from PS I ; 6 the Q binding niche B of the mutant was drastically altered as there is a 7-8 fold decreased affinity of the herbicide 14 C-terbutryn Ž . in the mutant; and 7 the sensitivity to the formate inhibition is reduced by ; 5 fold compared to that of the wild type. However, the bicarbonate binding still exists since bicarbonate can readily recover the formate inhibition. Results presented here and in referw x ence 1 show that a mutation on the acceptor side significantly alters the structure and function of the PS II complex on both the donor and acceptor sides, and may indirectly perturb the bicarbonaterformate binding and functionality in vivo. 
Materials and methods

2
Growth of C. reinhardtii cells
Ž . The C. reinhardtii wild type CC-125 and the D1-R269G mutant cells were grown at 228C in total Ž . darkness in a liquid tris-acetate-phosphate TAP w x medium 25 . The wild type strain was maintained in TAP agar plates with 100 mgrml ampicillin and the mutant strain was maintained in TAP plates with 200 mgrml spectinomycin and 100 mgrml ampicillin. The addition of ampicillin was to inhibit the potential bacterial contamination. The growth of the green algae which are eukaryotic is not affected by the antibiotic. The cell culture reaching the late logarith-Ž 6 mic phase 750 nm O.D., ; 0.65; ; 6 = 10 . cellsrml was harvested and used for the subsequent measurements and preparations for thylakoids. At this stage, Chl concentration of the culture was ; 5 mgrml. Chl concentration was determined by suspending the cells in 80% acetone at 408C for 20 min. The samples were centrifuged at 14 000 = g for 1 min, and the resulting pellet was discarded. The ( )absorbance of the supernatant was measured at 663.6 and 646.6 nm using a dual-beam spectrophotometer Ž . Shimadzu UV160U, Shimadzu, Kyoto, Japan . Chl concentrations were calculated according to the equaw x tions of Porra et al. 26 . The growth rate of wild type and the mutant was determined by measuring the optical density of the cells in the TAP culture medium w x 25 at 750 nm.
In the heterotrophic growth condition, both the wild type and the mutant had near identical growth Ž . rate 22 h .
Thylakoid preparation
The thylakoid preparation was as described earlier w x 27 with slight modifications. The late log-phase cells were centrifuged at 2000 = g for 4 min at 48C. The pellet was washed twice with a buffer containing Ž . 350 mM sucrose, 20 mM HEPES pH 7.5 , 2.0 mM MgCl . The cells were resuspended with the above 2 buffer to ; 0.5 mg Chlrml and passed through a French press once at 14 000 lbsrin. 2 . The broken Ž . cells thylakoids were centrifuged at 100 000 = g for 20 min at 48C. The pellet was resuspended in a buffer Ž containing 400 mM sucrose, 20 mM HEPES pH . 7.5 , 5.0 mM MgCl , 5.0 mM EDTA, 1.0 mgrml 2 Ž . bovine serum albumin, and 20% vrv glycerol. It was further homogenized with a tissue grinder and Ž . briefly centrifuged 1000 = g, 10 s to remove the unbroken cells. The supernatant containing the thylakoids was re-centrifuged at 14 000 = g for 1 min. The pellet was resuspended with the above described buffer to a concentration of ; 1 mg Chlrml in 1.5 ml microcentrifuge tubes. The aliquots of resuspension was quickly frozen in liquid nitrogen and stored at 77 K.
Chlorophyll a fluorescence induction kinetics and measurements of F 0
The Chl a fluorescence induction of cell or thylakoid samples was measured with a commercial Ž pulse-amplitude-modulated fluorimeter Walz PAM-. 2000, Effeltrich, Germany . Actinic and measuring Ž . beams were provided by the built-in red 650 nmlight-emitting diodes. 
Flash induced chlorophyll a fluorescence changes
The kinetics of Chl a fluorescence changes in darkness after single-turnover actinic flashes were measured with a laboratory-made multiflash fluow x rimeter 32 . All sample manipulations were done in Ž the dark with weak background green light -0.3 2 . mErm s . Measurements were made with cells suspended in the TAP medium, or with thylakoids suspended in the buffer and conditions described in Section 2.4. Chl concentration of the measured samples was 5 mgrml. When necessary, the cells and thylakoids were treated with 5 mM NH OH, or 5 2 mM hydroquinone, andror 10 mM DCMU in total darkness. In spite of known difficulties in fully reoxidizing all Q y , treatment of 5 min dark-adapted cells B with 100 mM p-benzoquinone was made, and samples with partially reoxidized Q y showed binary, B albeit shallow, oscillation pattern. Chl fluorescence changes with time after the flashes were deconvoluted into three exponential components with the KaleidaGraphe program. The fitting equation used was:
where ' A' represents the amplitude and 't ' the life-Ž time of the components. We have assumed here see, 
Bicarbonate depletion and recoÕery treatments
Bicarbonate depletion of cells by formate was carried out with a formate treatment procedure dew x scribed in El-Shintinawy et al. 6 with modifications. The harvested dark-grown cells were resuspended to 100 mg Chlrml in a buffer containing 100 mM Ž . HEPES pH 5.83 , 40 mM NaCl, and 5 mM MgCl . 2 The resuspended samples were treated with various concentrations of sodium formate for 5 min under gentle vacuum, after which they were diluted to 5 mg Chlrml in the same buffer at pH 6.5. The samples were immediately used for the Chl fluorescence yield Ž . measurements. Sodium bicarbonate 10 mM was added to the formate-treated samples to check the reversibility of the formate inhibition. The control ( )samples were subject to similar treatments except without formate and bicarbonate in the buffers.
Low temperature fluorescence spectra
Measurements of the low temperature fluorescence emission spectra of the heterotrophically grown cells and the thylakoids isolated from these cells were performed at 77 K in TAP medium containing 20% Ž . Ž glycerol for cells or in the thylakoid buffer for . thylakoids as described in Sections 2.3 and 2.4 with the addition of 20% glycerol. Chl concentration was 30 mgrml. Measurements were made using a Perkin Ž Elmer LS-5 fluorescence spectrophotometer Perkin . Elmer, Oak Brook, IL which was equipped with a Ž red-sensitive photomultiplier R928, Hamamatsu, . Shizuoka-ken, Japan . The samples were placed in a Dewar flask with an optical clear region through which the fluorescence was excited and measured. The samples were frozen in liquid nitrogen prior to measurement. The excitation wavelength was set at 435 nm and the monochromator bandwidth 10 nm for excitation and 3 nm for emission. The fluorescence emission was collected from the front surface of the sample. The obtained emission spectra were corrected for the wavelength dependence of the photomultiplier sensitivity, but not the monochromator. The emission spectra for different samples were normalized at the 715-nm band.
Herbicide binding assay
The herbicide 14 C-terbutryn binding assay was done w x according to Vermaas et al. 37 . Thylakoid samples Ž . 25 mg Chlrml were incubated with various concen-14 Ž trations of C-terbutryn 24 mCirmg, kindly pro-. vided by Dr. Donald Ort , known to bind at the Q B Ž site, in the thylakoid buffer described above Sections . 2.3 and 2.4 at 258C in darkness for 15 min with occasional shaking. The thylakoids were then centrifuged for 10 min at 14 000 = g, and the supernatant Ž was mixed with a scintillation cocktail Scintiverse II, . Fisher Scientific, Fair Lawn, NJ . The radioactivity of the liquid mixture was counted in a scintillation Ž counter LS1701, Beckman Instruments, Fullerton, . CA to 1% error. To eliminate the contribution of the unspecific binding, the samples were measured in the presence and the absence of another herbicide, atra-Ž . zine 20 mM , that also binds at the Q site. The B specific binding was obtained by subtracting the atrazine-replaceable terbutryn binding from the total terbutryn binding.
Results and discussion
Chlorophyll a fluorescence induction
To obtain information on the electron transfer reactions on the PS II acceptor side in the D1-R269G Ž . mutant, Chl a fluorescence induction up to 0.6 s Ž w x. see, e.g., Refs. 38,39 was measured in the darkgrown wild type and mutant cells and thylakoids with a pulse-amplitude-modulated fluorimeter. The induction kinetics of Chl a fluorescence of these samples were measured in the absence and the presence of the herbicide DCMU, known to block electron flow by displacing Q , and are shown in further confirmed by the absence of any significant effect of DCMU. Data suggest that D1-R269G mutant has a two times true F than the wild type cells. 
Chlorophyll a fluorescence changes after a flash
To locate the effect of the mutation on the specific reaction of the acceptor side of PS II, we measured Chl a fluorescence changes on the microsecond time scale after a series of single turnover flashes. The kinetics of these changes correspond mainly to the Fig. 3 shows Chl a fluorescence yield changes for the dark-grown, non-oxygen evolving cells and thylakoids in the pres-Ž . ence and absence of DCMU 10 mM and of hydrox-Ž . Ž . ylamine NH OH, 5 mM and hydroquinone 5 mM , 2 q Ž donors to P680 . For a rationale of using these w x . chemicals, see Metz et al. 51 .
We will first discuss the donor side effects. When compared to the wild type, cells and thylakoids of Ž . D1-R269G mutant show cf. Fig. 3A to not only the wild type thylakoids, but also mutant cells. These results may suggest, in addition to the existence of inactive PS IIs in the mutant, inhibitions Ž on the donor side of PS II in the mutant also see . Section 3.5 .
The addition of both 5 mM NH OH and 10 mM that of the wild type level. However, the addition of Ž . hydroquinone 5 mM results in a variable fluorescence level equivalent to the DCMU treatment without added donors. This is simply because hydroquinone is a much better electron donor to P680 q w x than hydroxylamine 51,52 . The consistent lower level of variable fluorescence in the D1-R269G mutant, even when DCMU and hydroquinone are present, indicates that the functional PS IIs may be much lower than those in the wild type similar to our observations of the mutant using EPR spectroscopy w x 1 . Fig. 3 also lists the increased measured F in the 0 mutant cells and thylakoids relative to the wild type: this confirms the observation in the above fluores-Ž . cence induction measurements Fig. 1 .
We now discuss the acceptor side effects. The decay of fluorescence is slower in the mutant than in the wild type cells. The lifetime of the first compo-Ž . nent t after the first flash is 90 ms in the wild type dark-adapted untreated intact cells is not too far from Ž . 1 see Section 3.6 . The decay rate for the mutant Ž . thylakoid samples was even slower ; 50 fold com-Ž . pared to that of the wild type Fig. 3C and D , consistent with other lines of evidence that the mutant PS II has much less structural stability in the thylakoid preparations. The addition of high concen-Ž . tration 10 mM of DCMU inhibits the electron transfer in both the wild type and the mutant cells and thylakoids. 58 have used a benzoquinone treatment method that yields deep period two oscillations, but, then the F is drastically reduced. In v the mutant sample, however, this period two oscillation pattern was eliminated suggesting a defective two-electron gate mechanism caused by the mutation. The data indicate that the PS II acceptor side reactions are significantly modified due to the R269G mutation. Ž .Ž w x. the B band see, e.g., 36 , it can be used to check if the mutant is blocked in the S-state transition. Fig.  5 shows that the wild type thylakoids have the nor-Ž . mal B band a broad band in the 30-358C region .
Functioning of the two-electron gate
PS II variable Chl
Ž . Upon treatment with DCMU 10 mM , the B band is Ž . abolished, and the Q band a broad band at 158C appears due to inhibition of electron transfer from Q y ™ Q enabling stabilization of Q y . The mutant,
however, lacks both the B and Q bands confirming that it is unable to store charges on the S-states. Ž However, a difference thermoluminescence curve for . DCMU-treated minus untreated mutant thylakoids showed a slight negative band in the B band region, and a slight positive band in the Q band region, but it was within the noise level of our measurements. A high temperature band that includes a 'C' band, suggested to arise from recombination of Y q and Q y D A w x 59 , is however, present. A good part of the high temperature band, observed here, was unrelated to 
Ž
. photosynthesis data not shown ; but this does not affect the clear conclusions noted above. Thermoluminescence results confirm the defective nature of w x the mutant on the donor side of its PS II 1 .
Bicarbonate depletion and recoÕery
Since our hypothesis was that D1-R269 is involved in HCO y binding, we determined the effect of for- Fig. 6B . It is established 6-10 that formate has additional effects on the donor side; the insets in Fig. 6 show that formate causes decrease in F rF at v 0 Ž -250 ms before an increase can be observed also w x. see Refs. 6,10 . This confirms the dual effect of bicarbonate-reversible formate effect in thylakoids of both wild type and D1-R269G Chlamydomonas cells.
A quantitative assay of the formate inhibition and bicarbonate recovery for both the wild type and the mutant samples is shown in Fig. 7 . The dark-grown cells were treated with various concentrations of formate in the absence or presence of bicarbonate and assayed for Chl a fluorescence decay as above. The resulting decay curves were deconvoluted with three Ž w x. exponential components see, e.g., Ref. type increases up to 1.6 ms at the highest concentra-Ž . tion 25 mM corresponding to an 13 fold increase. However, t of mutant sample only increases from 1 Ž . Ž . 2.0 ms control to 5.5 ms 25 mM formate corresponding to only an 2.5 fold increase. The addition of bicarbonate is able to fully recover the inhibition in both the mutant and the wild type. Thus, there appears to be roughly a 5 fold difference in the sensitivity to formate suggesting that D1-R269 may play some role in the binding niche of bicarbonate. However, we note that since the maximum t for the wild 1 type cells in 25 mM formate treatment is 1.6 ms, whereas the t of the mutant without formate treat-1 ment is 2.0 ms, it may be possible that any formate effect may be obscured by the intrinsic effect of the mutation on t . fer from antennae to the PS II reaction center , it is reasonable to conclude that the D1-R269G mutation has altered the structure and function of PS II complex. This conclusion is fully consistent with our 63 suggest that the intensity of these two bands, especially F695, correlates well with the level of the PS II core proteins and can be used as an indicator for the concentration of PS II. Thus, whether we have an inactive or active PS w x II reaction center PS II core would influence the F685 and F695 fluorescence intensities. However, we also realize that the intensities of F685 and F695 must also be influenced by the efficiency of excita-Ž . tion energy transfer from peripheral or distal antenna Chls to core antennae and from the core antennae to the PS II reaction center. The fluorescence emission spectra of the wild type and mutant cells and thylakoids were measured upon Ž excitation by 435 nm light absorption mainly by Chl . a . The intensities of the emission bands of the Ž . obtained spectra Fig. 8 were further deconvoluted Ž . into three individual peaks data not shown for F685, Ž . F695, and F715 for PS I . Assuming that no changes occur in PS I, both F685 and F695 bands of the mutant cells and thylakoids show a reduction of 20-30% compared to the wild type. However, the F695 band appears to be reduced to a slightly greater extent than F685. The ratio of F695rF685 in the mutant cells was reduced by 36%, and in the mutant thylakoids by 22% compared to the wild type. This result may indicate a differential reduction in these PS II antenna complexes provided the mutation had not caused changes in excitation energy transfer among these complexes and the PS II reaction center. Since we assume that there were no changes in the CP43 and CP47 genes, this reduction was partly attributed to the changes in the stability of the D1rD2 complexes to which the antenna proteins are associated, and partly to the changes in the excitation energy transfer to and away from the PS II reaction center.
Herbicide binding assay
To test possible structural changes in the Q bind-B ing niche caused by the R269G mutation, a radioactive herbicide binding assay was performed.
14 Cterbutryn binding was measured with the thylakoids of the wild type and D1-R269G according to Verw x maas et al. 37 . A double reciprocal plot for the 14 C-terbutryn binding is shown in Fig. 9 . Mutant thylakoids have a significantly lowered 14 C-terbutryn binding affinity compared to the wild type. The Ž . dissociation constant for the wild type is 29 "11 Ž . nM, and for the mutant 220 "70 nM, about 8 fold effect. This suggests a drastically altered Q binding B niche in the mutant. A variability is observed among thylakoid samples, especially with time of storage, and a difference of up to 30 fold with the wild type Fig. 9 . Double reciprocal plot for the 14 C-terbutryn binding to the thylakoids of the dark-grown wild type and the D1-R269G mutant of C. reinhardtii. Terbutryn specific binding was obtained by subtracting the atrazine-replaceable terbutryn binding from the w x total terbutryn binding according to Vermaas et al. 37 . The reactions were performed as in Section 2.9. The calculated Ž . terbutryn dissociation constant for the wild type is 28.9 " 11.1 Ž . nM and that of the mutant is 223.3 "71.1 nM.
( )was observed in certain trials. This reflects the instability of the mutant thylakoids after they are prepared from the cells. The notion that the PS II stability is affected in the mutant is supported from assays such Ž . as the 77 K fluorescence emission spectra Fig. 8 , Ž . fluorescence kinetics measurements Fig. 3 , as well as the EPR, and western blot analyses published w x elsewhere 1 . Since mutant thylakoids are unstable, we speculate that the differences between herbicide binding in wild type and mutant cells would be much less than those observed in thylakoids.
Modeling: bicarbonate binding sites
A recently constructed three dimensional PS II w x reaction center model 20 suggests that D1-R269 is not a direct binding residue for bicarbonate at the non-heme iron site. The geometric position of D1-R269 is modeled 8-11 A from bicarbonateriron center, which does not support a direct interaction. D1-R269 is located near the N-terminal region of the transmembrane a-helix E of D1. According to the model, D1-R269 is separated from D1-H272, one of the non-heme iron ligands, by nearly 3r4 of a helical Ž . turn ; 5 A . This close vicinity to D1-H272 which is located approximately equally in between Q and A Q , may help explain a structural perturbation of B D1-R269G mutation on the functionality of the iron w x 1 and the liganding of bicarbonate and formate Ž . Figs. 6 and 7 .
In addition to D1-R269, several other positively charged residues on the D2 protein of cyanobacteria near the non-heme iron have also been investigated for involvement in bicarbonaterformate effect w x 3,5,19 . D2-R233 and D2-R251 have been shown to increase the PS II susceptibility to formate inhibition of full chain electron transfer by 10 fold relative to the wild type and are suggested to function in stabiw x lizing bicarbonate binding in vivo 19 . However, a Ž . mutation on D2-R139 D1-R139H showed no effect w x on bicarbonate-reversible formate inhibition 5 suggesting specificity of other arginines. However, the w x Fig. 10 . A partial three dimensional model of the PS II reaction center according to Xiong et al. 20 . Shown are certain residues from the membrane helix D to helix E of both D1 and D2 proteins in their secondary structure representation. The D1-R269 residue is shown to be one of the contact residues located in the interface of D1 and D2 polypeptides and is also close to the putative non-heme iron and the liganding bicarbonate. The D1-R269G mutation is thought to abolish the putative interaction between the D1-R269 and several D2 residues, such as D2-E219 and D2-D228, affecting the non-heme iron and the Q sites, and even the stability of the PS II reaction center.
B
Several other residues demonstrated in literature to be important for bicarbonate binding and function are also labeled. w x In the three dimensional PS II model 20 , based on the analogy with a water transport channel in the w x w x bacterial reaction center 66 , Xiong et al. 20 proposed a channel for transporting bicarbonate anions and water molecules for protonating Q and provid-B ing ligands to the non-heme iron in PS II reaction center. This channel or a large binding niche involves a series of charged residues of the D1 and D2 proteins, including D1-R269. Substitution on D1-R269 is thus expected to cause perturbations on formate effects, which is supported by the data in Figs. 6 and 7 . w x Our model 20 indicates that D1-R269 may also be involved in D1rD2 interaction. The correct assembly and stability of the D1rD2 complex of the PS II reaction center rely partly on the interactions of the contact residues located on the transmembrane spans. As shown in Fig. 10 , D1-R269 may be a contact residue located in the interface of D1 and D2 polypeptides and may provide interactions important for maintaining the conformation of D1 and D2 polypeptides. Our model shows that D1-R269 may have electrostatic or hydrogen bonding interactions with certain D2 residues, such as D2-E219 and D2-Ž . D228 Fig. 10 . The glycine mutation may thus abolish such interactions affecting the stability of the PS II reaction center, resulting in a series of primary and secondary effects such as lowered charge separation, slowed PS II electron transfer, decreased binding of Q rherbicide, perturbed bicarbonaterformate func-B tioning at the non-heme iron andror Q site, etc. B Therefore, it may be interesting to test this hypothesis by mutagenizing the D2-E220 or D2-D228 residue and see whether a similar structural instability effect on PS II may exist in these mutants.
In the model, D1-R269 is located on the acceptor side, the transduction of the mutational effect from the acceptor to the donor side can be due to D1-R269 being a contact residue affecting the assembly of the PS II altering the structure and function of both the w x donor and acceptor sides, as observed here and in 1 . Similar transduction of mutational effects between the donor side and acceptor side has previously been w x observed. Etienne and Kirilovsky 67 and Constant w x et al. 68 showed that several herbicide-resistant mutations at the Q site affect the S-state function. 
Conclusions
D1 residue R269 is critically important for the structure and function of PS II complex. D1-R269G mutation drastically alters the PS II photosynthetic apparatus and has profound impacts on both the donor and acceptor sides of PS II chemistry. The Ž . quinone pool; 2 possible destabilization or inhibition of assembly of the PS II complex andror a blockage of excitation energy transfer to the PS II reaction center, affecting the level of stable charge separation, the PS II susceptibility to photodamage, and the donor side functions. Though the in vivo bicarbonaterformate activity is clearly perturbed by the mutation, the bicarbonate binding site is still present. We propose that the residue may not be a direct liganding residue to the bicarbonate anion but may affect the bicarbonaterformate binding indirectly through a general conformational change andror through its involvement in bicarbonaterwater Ž w x. transport for details, see Ref. 20 . This residue is also considered to play a structural role for maintaining the proper D1rD2 conformation. 
